Abstract. Epoxy resin (ER) and composite materials based on it play an important role in engineering and technologies. The wide use of epoxy resins derived from their strength and unique combination of performance characteristics. The article considers 2 aspects influencing the strength of ER: rates of strain and modification of ER by the carbon nanoparticles (CNT). The experiments were conducted on the ER of "Etal" brand and "Etal Inject-T" hardener. The strain of samples was carried out at speeds of 1 mm/min, 2 mm/min, 5 mm/min and 20 mm/min. The experiments showed that the stress-strain curve consists of three successive zones-elastic, plastic and elastic-plastic strain at small strain rates of 1-5 mm/min. With increasing of strain rate the zone of plastic strain is gradually transformed in elastic-plastic, the average modulus of elasticity increases. At the strain rate above the critical value (about 20 mm/min.) the zones of plastic and elastic-plastic strain disappear, only the zone of elastic strain remains, while the sample is destroyed by the formation of cracks and chips. The initial and functionalized CNTs of "Taunit-M" brand were used in the experiments. It is found that the initial CNT, introduced in ER do not affect the course of the stressstrain curve, and functionalized CNT with a mass content of 0.05% give different effect on the strain zones: the effect is not felt in the zone of elastic strains, give hardening up to 25% in the plastic zones and elastic-plastic strain. With the increase in input of functionalized CNTs up to 0.2%, the hardening effect of ER was reduced almost in 2 times in the zones of plastic and elasticplastic strain.
Introduction
The epoxy resin is widely used for coatings, adhesives and matrices for carbon fiber reinforced composites. The most important characteristic of ER is its strength; the material strength property is the stress-strain state. In practice, the strength of ER is characterized by ultimate strength σ s , modulus of elasticity E, total strain at failure ε s [1, 2] . Meanwhile, it is known that the curve of stress-strain state (σ-ɛ) under uniaxial compression has a complex form, shown in Fig. 1 .
It is decided to allocate on the curve the initial zone (I) of elastic strain, which ends at the peak, called the yield stress σ y , followed by pull-down and horizontal section (II) of the zone of plastic strain that leads to the rising section of the hardening zone (III) including tensile strength σ s with the failure of the sample [3] . It is considered that the elastic stretching of molecular chains or their parts oriented perpendicular to the direction of compression occurs in the zone of elastic strain. When the critical voltage σ y is reached the stress in the material overcomes the covalent bonds between molecular chains which start to slide on each other gradually focusing across the direction of the compressive load. The plastic strain is started with ballooning of cylindrical ER sample. The zone of strengthening of the epoxy resin begins upon completion of the orientation of chains across the load, the failure of sample occurs with breaking of reoriented molecular chains and formation of cracks [4] .
One of the methods of hardening of ER is its modification by carbon nanoparticles, particularly carbon nanotubes (CNT). It turned out that small additives of CNTs in ER can significantly increase the modulus of elasticity and strength, and sometimes several-fold [3] [4] [5] . The influence of CNT on the tensile strength σ s and elastic modulus E are given in Table 1 . As shown in Table 1 , the initial CNTs do not give the strengthening of ER they are likely to act as inert additive. Only the modified CNTs are hardened by different functional groups. As a result of such processing on the surface of carbon nanotubes the different oxygen-containing groups are formed such as hydroxyl, aldehyde, ketone, ether, carboxyl, anhydride, lactone [6] . The aim of this work is to study the effects of strain rate and modified CNTs and the strain rates on the process of stress-strain state of epoxy resin.
Experimental
ER of "Etal" brand and hardener "Etal Inject-T" in a weight ratio of 100:49.9 was used for the preparation of experimental samples. The resulting composition was poured and hardened in the cylindrical forms with diameter of 30 mm and height of 38 mm. The hardening process was carried out in the mode of thermal treatment within 5 h and temperature range: 1 hour -100°С, 3 hour -150°C, 1 hour -180°C. The given article is based on the initial and functionalized CNTs of "Taunit-M" brand produced in "Nanotechcenter" LLC (Tambov). The purity level of CNT on carbon is 99 %, the functionalized CNTs are obtained from them. The outer diameter of the CNTs ranged from 8 to 15 nm, the inner -from 4 to 8 nm and a length is not less than 2 µm, their images are shown in The carboxylated "Taunit-M" CNT is obtained by the oxidation of CNT with concentrated nitric acid (65% of "chemically pure" qualification (CP) [6] . CNTs were introduced in ER and dispersed using ST-400A ultrasonic mixer at the operating frequency of 65 kHz during 1 hour, then it was added the hardener and everything was stirred mechanically.
Samples of the hardened epoxy resin were tested on compression on Shimadzu AG-100 kNx electromechanical testing machine to achieve a maximum effort of 100 kN. Two series of epoxy sample tests were conducted on the influence of strain rate and on adding of CNT. Table 2 shows the characteristics of experimental samples. 
Results and discussion
The influence of strain rate on the stress-strain state of ER was studied at strain rates of 1 mm/min, 2 mm/min, 5 mm/ min, and 20 mm/min until reaching the maximum press force of 100 kN. The results of the experiments are shown in figure 3 . From Fig. 3 it follows that the stress-strain state curve qualitatively repeats the pattern 1 at low strain rate of 1 mm/min, the sample takes the barrel-like shape after the strain. The obtained averaged modulus of elasticity E does not objectively reflect the property of the material because the elastic properties of the ER in zones I, II, III fundamentally differ. With increasing of strain rate from the curve σ -ɛ the zone of plastic strain becomes less pronounced, the average modulus of elasticity increases. The slopes of the curves in zone III varies with strain rate, which indicates the mechanism of elastic-plastic strains. The processes in strain zones II and III is irreversible. At a strain rate of 20 mm/min the strain character changes radically -the sample begins to "shoot" with fragments from the side surface forming voids (in some cases it is destroyed by cracking). Thus, we get the following picture: the sample behaves as a viscous liquid at low strain rates (1-5 mm/min) in the zone II, as viscoelastic one -in the zone III; the zones II and III disappear and the sample behaves as an elastic body at strain rate above the critical value (about 20 mm/min). 1 -initial sample of the ER; the samples after strain at the rate of: 2 -20 mm/min, 3 -5 mm/min, 4 -2 mm/min, 5 -1mm/min Another interesting pattern was the weak dependence of the zone of elastic strain I from the strain rate. The magnitude of characteristics σ y was close to 110 MPa in all cases, the similar values were showed by the module of elasticity. For a quick version of the strain σ y = σ s , in other words, the characteristics of epoxy resin σ s and E should be measured at the strain rates of the order of 20 mm/min and above-only then they can be objective characteristics of the material. The characteristics for zones II and III without mentioning the strain rate are meaningless. By the way, the authors of the work shown in Table 1 do not lead the rates of strain of the tested epoxy resins. The authors of many other works [9] behave similarly which has made repeating or comparison of results very difficult.
The second part of work is dedicated to the testing of samples of ER modified by CNTs shown in Table 2 . The test results are shown in Fig. 4 and 5. The data of Fig. 4 clearly show that the initial (non-functionalized) CNT does not affect the strength of epoxy resin. This result is qualitatively confirmed by the data of Table 1 . The course of curves σ -ɛ in Fig. 5 shows that the effect of modified CNT on the mechanical properties of the samples are weak at the section I of elastic strains, their real effect is appeared in the zone I of plastic strain and section II of elastic-plastic strain. It is seen that the modified CNTs reduce plastic strain. It is considered that the introduction of modified CNT in ER leads to an additional joining of the molecular chains [10, 11] , then the received mechanism becomes understandable. The theory says that there is no sliding of the molecular chains relative to each other in the zone of elastic strains and joining them by the introduction of CNTs should not lead to hardening of the material. In the zones of plastic and elastic-plastic strain the additional joining of the chains will hinder the mutual sliding of molecular chains, which leads to hardening of the material.
Another interesting effect is the existence of the critical content of CNTs giving the maximum hardening of the ER. This is evident from comparison of the curves in Fig.5 and Table 3 The data in Table 3 show that when exceeding the optimal introduction of the modifier of CNT in ER, its hardening effect drops sharply. The literature data given in [12, 13] illustrate that this effect is sustainable. In explaining of this effect the version arises that the introduction of CNT in ER hardens the material as long as the CNT do not block the active centers ready for joining on the molecular chains, and the excess of CNT above the critical content will be simple ballast. However, this version does not explain why a small amount of ballast, in our case about 0.15%, leads to a significant decrease in the efficiency of modification.
In our opinion, this effect requires further study.
Conclusions
Under uniaxial compression of ER at the rate of 1-5 mm/min it is observed the successive zones of elastic, plastic and elastic-plastic strain. With increasing of compression rate of ER, the zone of plastic strain is reduced gradually moving into the zone of elastic-plastic strain, the average modulus of elasticity increases. At compression rate of 20 mm/min it is observed only one zone of elastic strain with brittle failure of the sample. It turned out that the yield strength of ER at low strain rates is close to the tensile strength at strain rates equal to or above the critical value (on the order of 20 mm/min). The tensile strength and modulus of elasticity of ER is dependent on the strain rate, they become unambiguous only at strain rates equal to or above the critical value.
Introduction non-modified CNTs to ER has little or no effect of hardening, the modified CNTs have a selective influence on the stress-strain state: there is no influence in the zone of elastic strains and there is hardening in the zones of plastic and elastic-plastic strain. So, when you introduce in ER 0.05% of the modified CNT, the hardening in the two observed zones amounted to 9-25%, when you introduce 0.2% of the modified CNT, the hardening effect was reduced up to 4-12%. The reducing of effectiveness of the modified CNT with its content in ER above a certain critical value is not very clear, the issue requires additional research.
